Abstract: Thermoelectric (TE) materials are increasingly promising for power generation in medium to high-temperature environments. Recent research on thermoelectric generators (TEGs) has determined the thermodynamic properties which impact the total efficiency and figure of merit (ZT) of these materials. A large Seebeck coefficient, high electrical conductivity and low thermal conductivity optimise ZT. This meta-study investigates silicides for potential TEG applications due to their high chemical stability and higher natural abundance than other TE materials. Data on the thermoelectric properties of CrSi2, FeSi2, Mg2Si and MnSi2, with a range of dopants, was sourced from a wide scope of literature and is analysed. The above thermodynamic properties contributing to ZT for each of these materials are graphed between 300 and 1000 K. It was found that chromium silicides are most effective at a temperature range of 600-800 K, and undoped magnesium silicides are most effective around 900 K. Oxide addition to β-FeSi2 produced relatively high ZT scores (ZT ≈ 0.5) among iron silicides. Rhenium substitution in manganese silicides produced a maximum figure of merit (1.05) at 900 K. Supersaturation via liquid quenching was determined to maintain high rhenium substitution and this technique may be the key to further improving the thermoelectric properties of other silicides.
INTRODUCTION
With the exponential growth of the global population and increased use of industrial technology comes a high demand for energy production. With an established consensus that climate change is caused by humans, it is imperative that we move away from traditional means of power generation, especially fossil fuels (IEA.org, 2016) . However, since many developing nations rely heavily on non-renewable energy sources, reducing heat loss and power conversion inefficiencies for these power generators remain highly important. Indeed, a large percentage of heat energy is lost during the production of power in coal plants and many other power generation systems including car exhaust, nuclear power and home heating (Frobenius et al. 2016) . One way to increase the efficiency of the current production is to capture waste heat with thermoelectric generators (TEGs) to collect this heat and convert it to useful energy. This can be implemented in any situation where there is a temperature differential. As TEGs are solid state devices they are silent, reliable and have no moving parts (Rowe, D. M. 1995) .
Thermoelectric materials of relatively low cost (silicides, oxides, skutterudites) and high chemical stability (silicides, oxides) show promise for industrial applications where cost and durability are important. Advances in nanofabrics, such as superlattices, nanocomposites and nanowires have expanded options for further optimising TEGs (Ozden et al. 2015) .
Chromium silicides have drawn interest due to their very high oxidation resistance and stability, relatively high electrical conduction and potential high Seebeck coefficient (Ohishi et al. 2015) . The low cost and high supply of iron are two of the main reasons to consider iron disilicides as another potential candidate for thermoelectric power generation. There exist two phases of FeSi2, the lesser studied α-phase metal, which boasts effective thermoelectric power generation at 1200 K (Fedorov et al. 2007) , and the β-phase semiconductor which is able to work at more practical and common temperatures, below 1200 K. For these reasons, β-FeSi2 is of primary interest in this report. α-FeSi2 may indeed possess opportunities for thermoelectric generation but only in super-high temperature environments such as high-temperature gas-cooled nuclear reactors (HTGC) with temperatures conceptually reaching over 1000 K during operation (GNP Industry Alliance, 2010). Being a semiconductor, doping of β-FeSi2 can bring great technological advantages to the material, specifically increased efficiency. In this paper, β-FeSi2 doped with Zn, Co, Co/Ge and Nb, as well as rare earth oxides SmO3 and ErO2 are compared and analysed (Sugihara & Morikawa 2011) .
Magnesium silicides are a promising candidate for TEG applications, as silicon, magnesium and aluminium are highly abundant, non-toxic and low-density constituent elements (Battiston et al. 2013 ) (Taylor 1964) . Initially, the focus was to find Mg2Si containing only Al dopant, however, research here is limited. We therefore broadened the scope to include Al-doped materials with other substituents, including Zn and conductive glass.
Yamamoto et al.'s research show that rhenium substitution in MnSi2 greatly reduces the lattice thermal conductivity without affecting the electron transport properties (Yamamoto et al. 2016) . Rhenium was compared with tungsten because they are of similar size and weight and they are both transition metals. Additionally, Truong et al.'s research was of interest as it compared tungsten, chromium and molybdenum substitution in MnSi2, with the goal to possibly reduce the lattice thermal conductivity by creating large mass fluctuations and lattice distortion owing to their size differences compared with the matrix element Mn (Truong et al. 2015) .
To compare the relative performance of a material at a particular temperature, the unitless thermoelectric figure of merit (ZT) is used:
Where σ is electrical conductivity, S is Seebeck Coefficient, T is system temperature and k is thermal conductivity.
The Seebeck coefficient is a metric which quantifies a material's ability to readily convert heat into electricity. It is an intrinsic property of the material dependent on structural, thermodynamic and chemical properties, such as molecular structure, charge carrier concentration and effective mass.
Electrical conductivity is the measure of a material's ability to support the transport of electrical charge. Eq. 1 specifies that high conductivity is important for an effective thermoelectric material.
Thermal conductivity is the ability to transfer heat through a material. To obtain a high figure of merit, low total thermal conductivity (k) is required. However, decreasing thermal conductivity can often decrease electrical conductivity. Phonon scattering can be used as a way to overcome this. Complex periodic crystalline structures and point defects (such as vacancies, interstitials, alloying) slow down phonon propagation through the medium by scattering, while electrons can still flow freely. This type of material is referred to as an electron-crystal/phonon-glass and has the effect of maintaining high electrical conductivity while reducing thermal conductivity (Snyder & Toberer 2008) .
METHOD
The purpose of this meta-study is to obtain and compare a wide range of thermoelectric doped and undoped silicides to determine, via the figure of merit, which material has the most potential in medium to high-temperature environments. Silicides were chosen as we identified them as a promising field of study and there was an ample amount of recent research done in that area. The first stage of the study required the selection of a range of journal articles. This was undertaken using a number of UTS databases including Web of Science, Science Direct, Scopus and external journal databases such as aps.org (American Physical Society). Recently published papers (post-2001) were chosen to highlight to modern advancements and ensure the technologies used are comparable and relevant to current manufacturing abilities. For the selection of papers to analyse, our chosen criterion required that the reviewed articles must include silicides containing one or more substituents. It was determined CrSi2, FeSi2, Mg2Si and MnSi2 were relevant materials.
In the second stage, data points in the second stage were reverse engineered from figures in the selected journals using "Web Plot Digitiser" (Arohatgi.info 2016). This was required as raw data was unavailable. Thermodynamic properties (σ, S and k) were then plotted against temperature (T) between 300 and 1000 K for comparison between materials. A limited number of papers were reviewed (2-3) by each of the four authors due to time constraints, and to ensure each paper was interpreted correctly.
For the comparison of chromium silicide, three papers were reviewed. The effects of chromium-molybdenum (Ohishi et al. 2015) , chromium-titanium substitution (Karuppaiah et al. 2013) and chromium-manganese/silicon-aluminium co-substitution (Gorsse & Chevalier 2013) were analysed.
Three papers were reviewed for the comparison between β-phase iron disilicides. Ito et al. investigated the lesser studied p-type dopant, β-FeSi2. P-type doped variants Fe1-xMxSi2 (M = Ti, Nb or Zr with 0 < x < 0.06) were synthesised. Sm2O3 and Er2O3 doped β-Fe0.95Co0.05Si2 were investigated by Sugihara & Morikawa. with Fe0.95Co0.05Si2 and Fe0.95Co0.05Si1.958Ge0 .042 variants yielding the greatest thermoelectric performance increases.
Three journal articles revealing the thermoelectric properties of Al-doped magnesium silicide were reviewed. Hu Finally, a comparison between the materials and doping concentrations was made with respect to electrical and thermal conductivity, Seebeck coefficient and figure of merit to determine the most effective thermoelectric material. The two best performing materials from each of the four investigations were individually selected and a comparison was made in the final ZT graph (Fig. 5) . As discussed, high conductivity is important to maximise ZT. Fig. 1 .1-4 show electrical conductivity as a function of temperature for all silicides. Most notably, it can be seen that electrical conductivity tends to decrease with increasing temperature, except for iron silicide which increases with increasing temperature. Cr0.7Mo0.3Si2 maintains the highest electrical conductivity value across all temperatures.
RESULTS AND DISCUSSION

Electrical conductivity
Consistent among all CrSi2 papers, Fig. 1 .1 shows increased substitution into the chromium sites increases electrical conductivity. As explained by Ohishi et al., this is due to increased carrier concentration with the addition of the dopant. The decrease of conduction as temperature increased is also consistent across dopants, due to increased carrier-phonon scattering at higher temperatures (Gorsse & Chevalier, 2013) . Highly doped molybdenum (Cr0.7Mo0.3Si2) has the greatest electrical conductivity with, σ ≈ 0.26 × 10 6 S/m at 300 K which reduced to σ ≈ 0.15 × 10 6 S/m at 1000 K. Increased doping with Mn and Al (Cr0.9Mn0.1Si1.9Al0.1), also found the greatest relative electrical conductivity, σ ≈ 0.15 × 10 6 S/m, at 300 K which follows the same trend and reduces to σ ≈ 0.07 × 10 6 S/m at 800 K. Titanium doped CrSi2 shows an alternate trend where σ is relatively low and increases linearly with temperature. This is explained by the small grain size and low density (about 70%) which increases the charge carrier scattering (Karuppaiah et al. 2013) .
The Zr-doped FeSi specimen in Fig. 1 .2 was unable to be graphed because the material electrical resistance is about zero (Ito et. al.) . Hence, finding the reciprocal would possibly lead to inaccurate electrical conductivity values. We are informed that the electrical conductivity of the Zrdoped material ranges between 0.043 MS/m and 0.071 MS/m at 700 K and 1173 K, respectively. This places the material as the best electrically conducting material within the iron silicides. The oxidecontaining β-FeSi2, with the addition of Sm2O3 and Er2O3, also performed well, with substantially greater electrical conductivities than the Nb-doped and Co-doped materials, as seen in Fig. 1.2 . Sugihara et al. increased the performance of β-FeSi2, by combining with rare earth oxides, achieving a peak 0.4 MS/m for Sm2O3. All materials appeared to exhibit rising trendlines. Most notably, the Nbdoped material showed a trendline with which the gradient increased as temperature increased. This suggests that the FeSi2 materials tend to conduct electricity better at higher temperature levels, in contrast to CrSi2, Mg2Si and MnSi2. Fig. 1.3 shows significantly high electrical conductivity (σ = 0.1 MS/m and 0.04 MS/m) for Mg(AZ)2Si between temperatures of 300 and 600 K, and behaves differently to the other silicides, possibly due to the small amount of Zn dopant. Electrical conductivity for Mg2SiAl0.01 and Mg2SiAl0.005 were lower than Mg(AZ)2Si and Al Mg2Si w/ glass across all temperatures.
The electrical conductivity of all manganese silicides in Fig. 1 .4 decrease as temperature increases and shape was consistent despite completely different dopant materials. At low temperatures, the presence of dopant significantly increases electrical conductivity compared to undoped MnSi2. Mn28.4Re8 Si63.6 had the highest relative conductivity of 0.9 to 0.6 MS/m over 300 to 1000 K. Fig. 2.1-4 show Seebeck coefficient as a function of temperature for all silicides. The highest Seebeck coefficient for doped materials was 300 μV/K at 650 K for Mg2SiAl0.005.
Seebeck coefficient
In Fig. 2 .1, Seebeck coefficient is compared among chromium silicides. Cr0.975Mn0.025Si1.975Al0.025 and Cr0.9Mn0.1Si1.9Al0.1 were found to have Smax = 160 and 140 μV/K at 600 and 650 K, respectively. Cr0.9Mo0.1Si2 and Cr0.7Mo0.3Si2 were found to have Smax = 140 and 100 μV/K at 700 and 900 K, respectively. Seebeck coefficient decreases as doping content increases for all chromium silicides. This reduction in S is due to decreased hole mobility, which is more pronounced at higher temperatures (Gorsse & Chevalier 2013) . Temperature value for Smax was also found to decrease (shift left) with increased doping. Ti-doped CrSi2 has a much lower Seebeck coefficient but increased doping also decreased S. Fig. 2.2 shows that the Seebeck coefficient of the n-type β-FeSi2 materials (A through D) varies less than 50 μV/K between 300 and 1000 K. Nb-doped FeSi2, in contrast to the other iron silicides, shows a peak Seebeck coefficient of 100 μV/K at 550 K, suggesting a narrow optimal temperature range for the material (450 to 650 K). The n-type materials (A through D) outperform the two p-type materials (E, F).
All magnesium silicides in Fig. 2 .3 show a decline in Seebeck coefficient magnitude from 700 to 900 K. Compared to undoped Mg2Si, smaller amounts of Al-dopant improve Seebeck coefficient at temperatures above 650 K for Mg2SiAl0.005.
MnSi2 curves all follow similar trends, as the Seebeck coefficient value for MnSi2 consistently increases as temperature increases. The Seebeck coefficients of Mn0.98W0.2Si1.75Ge0.02 and Mn0.98W0.2Si1.73Ge0.02Al0.02 peak at 650 K and Mn28.4Re8Si63.6 at 800 K. Unsubstituted Mn36.4Si63.6 has the highest Seebeck coefficient. From Fig 2. 4, it can be seen that substitution only has a minor negative effect on the Seebeck values for MnSi2. Fig. 3.1-4 show thermal conductivity as a function of temperature for all silicides. Reducing thermal conductivity is often the most significant method to increase overall figure of merit. This can result from alteration of the microstructure and/or the alloy disordering effect. MnSi2 has significantly lower thermal conductivity across all temperatures and demonstrates an abnormal downward trend with increased temperature. FeSi2 generally shows only a slight change in thermal conductivity, except for Fe0.95Co0.05Si2 (D) and Fe0.96Nb0.04Si2 (F) which achieve minimum thermal conductivity at 500 K and 750 K, respectively.
Thermal conductivity
All chromium silicides follow a similar trend of decreasing k to a minimum at 700 K of 6 W/(m.K), which then increases above 700 K. Molybdenum-doped CrSi2 was found to have a minimum k around 700 K and k continues to decrease at around 800 K for Mn/Al-doped CrSi-2. The thermal conductivities in Fig. 3.2 show that only Nb-doped and Co-doped β-FeSi2 show significant temperature dependence, both varying by around 2.3 W/(m.K). The Nb-doped specimen showed a great change in the thermal conductivity gradient between ranges 400 to 450 K. The other doped specimens showed no apparent peaks or troughs across the temperatures. Notably, Sugihara et al.'s oxide-containing compounds maintained low thermal conductivities about 3.1 W/(m.K) containing the Sm2O3 and 2.5 W/(m.K) containing Er2O3. Indeed, this was the purpose of the given experiment: to reduce the thermal conductivities of β-FeSi2 with the use of oxides. The oxides had a significantly lower thermal conductivity, conducting as much as 74.5% less thermal energy than the rest at 400 K.
Mg(AZ)2Si 2nd is omitted from Fig. 3 .3 as data for thermal conductivity and ZT was unavailable. Pure Al doping produces higher thermal conductivity at lower temperatures, and all materials converge at 700 K, therefore Zn and conductive glass interstitials may have greatest benefits in low-temperature applications. Fig. 3.4 shows that Mn30.4Re6Si63.6 has the lowest thermal conductivity, followed closely by Mn28.4Re8Si63.6. Mn30.4Re6Si63.6 and Mn28.4Re8Si63.6 both have a larger decrease in the thermal conductivity than undoped manganese silicide. The W substituted samples increase the thermal conductivity significantly. The samples follow a similar pattern and increase in thermal conductivity at temperatures > 700 K. Cr0.9Mn0.1Si1.9Al0.1 is the highest performing Mn/Al-doped TE with peak ZT of 1.3 at 625 K. Thermal conductivity for CrSi2 and Cr0.94Ti0.06Si2 were measured at room temperature, achieving k = 0.9 and 1.64 W/(m.K), respectively (Karuppaiah et al. 2013) . Using linear regression an estimation of k was made for Cr0.9Ti0.1Si2 and Cr0.85Ti0.15Si2, producing 1.84 and 1.70 W(m.K), respectively. These values were used to estimate the ZT. Ti-doped CrSi2 was found to have a relatively low figure of merit (0.05) at 800 K. Further study is required to confirm the results obtained from this linear regression.
Figure of merit (ZT)
In Fig. 4.2 , Fe0.95Co0.05Si2 and Fe0.96Nb0 .04Si2 have extremely low ZT scores (< 0.15) across all temperatures. β-FeSi2 with Sm2O3 and Er2O3 showed exceptionally greater ZT across all temperatures, reaching 0.56 at 868 K and 0.54 at 877 K, respectively. Sugihara et al. hypothesised that this could be owed to the relationship between the standard reduction potential, thermal conductivities and electrical conductivities, specifically of the rare earth oxides used in the experiment (Sm2O3 and Er2O3). The standard reduction potential is defined as the potential for atoms to convert between their oxidation states. This property is indeed present in all silicides, but while subtle, may be the reason for improved thermal and electrical conductivities of these oxide-addition TE materials. Fig. 4 .3 shows a positive gradient for all materials across all temperatures. Al-doped Mg2Si w/ glass shows large ZT at high temperatures (> 800 K) as it maintains a high Seebeck coefficient due to the fact that conductive glass acts as a physical interstitial (crack filling) rather than a solute (Satyala, N.T., Krasinski, J.S. & Vashaee, D. 2012). Mg(AZ)2Si shows largest ZT for mid to low temperatures (< 750 K). Similar to FeSi2 oxides, all magnesium silicides maintain a large positive ZT gradient at high temperatures. Fig. 4 .4 shows manganese silicides behave in a similar pattern to each other, maintaining a positive ZT gradient between 300 and 900 K. Mn30.4Re6Si63.6 has the highest ZT value for all temperatures with a maximum ZT at 900 K with a score of 1.05. Mn36.4-xRexSi63.6 with x = 4, 6 and 8 shows a significant improvement in ZT score compared to the undoped material. Doping of Re into the MnSi2 material leads to a positive increase in ZT. The material Mn30.4Re6Si63.6 shows the highest ZT score, with Mn32.4Re4Si63.6 and Mn28.4Re8Si63.6 producing lower ZT scores, suggesting that there is an optimum amount of Re substitution for improving ZT score. Tungsten-germanium manganese silicides showed poor results due to high thermal conductivity. . Chromium silicides reach peak ZT ≤ 0.1 (between 600-800 K) due to all thermodynamic components reaching a max/min in this range. Al Mg2Si w/ glass, Mn36.4Si63.6, Mg(AZ)2Si 1st, FeSi2 with Er2O3 and FeSi2 with Sm2O3 maintain similar ZT scores between 400 and 800 K. Mn36.4Si63.6 has a peak ZT value at 900 K. Mn30.4Re6Si63.6 has a significantly higher score across all temperatures, which is attributed to the fact that Yamamoto et al. determined how to surpass the theoretical solubility limit using a special technique of arc melting, followed by liquid quenching (Yamamoto et al. 2016) . Rhenium substitution improves thermoelectric properties across the board and thermal conductivity is reduced significantly (3 to 1.5 W/(m.K).
CONCLUSION
The rhenium-substituted manganese silicide, Mn30.4Re6Si63.6 had a figure of merit curve double that of the other silicides. Perhaps the most influential aspect lies in the method of its synthesis. Mn30.4Re6Si63.6 was formed through arc melting its constituent materials, then supersaturation by liquid quenching, allowing for an abnormally high ZT. Indeed, supersaturation via liquid quenching may be the key to further improving the properties of silicides. Oxide addition to β-FeSi2 produced much higher ZT scores than Co-and Nb-doped β-FeSi2. Further investigation could be made into the performance of oxides with other solvents as well as exploring their associated optimal concentration levels.
It was found that chromium silicides are most effective at a temperature range of 600-800 K, and undoped magnesium silicides are most effective around 900 K. These silicides would be effective TEGs in environments with a stable temperature around 600 to 900 K, such as automotive exhausts.
Our meta-study demonstrates that silicon-based thermoelectric materials show significant room for improvement. Achieving the most efficient power generation from heat greatly depends on factors such as Seebeck coefficient, thermal conductivity and electrical conductivity. We suggest that these thermoelectric properties can be further optimised in silicides by supersaturation via liquid quenching, and/or the addition of oxides, enabling silicides to attain larger figure of merit at medium to hightemperature ranges.
